Background: P-glycoprotein (P-gp) may alternate between the inward-facing (open) or outward-facing (closed) conformations during the reaction cycle. Results: Cysteines introduced into extracellular loops 1 and 4 cross-linked spontaneously and inhibited drug efflux and ATPase activity. Conclusion: P-gp activity was inhibited when P-gp was trapped in an open conformation. Significance: P-gp can be blocked by multiple mechanisms involving extracellular loops.
pounds (such as hydrophobic drugs, steroids, peptides, detergents, and lipids) (1, 2) . An important physiological role of P-gp is to protect us from toxins found in the diet (3) . P-gp is clinically important because it can affect the bioavailability of drugs. For example, P-gp expression at the blood-brain barrier can reduce the efficacy of agents used to treat epilepsy, infections (such as HIV),and brain tumors (4, 5) .
Because of its vital physiological role and clinical relevance, it is important to understand the structure, mechanism, and inhibition of this drug pump. The 1280 amino acids of human P-gp (6) are organized as two tandem repeats. Each repeat consists of an NH 2 -terminal transmembrane (TM) domain (TMD) containing six TM segments followed by a hydrophilic domain containing a nucleotide-binding domain (NBD).
There is no high-resolution crystal structure of human P-gp, but homology models have been constructed of the drug pump in open (7) and closed (8) (9) conformations on the basis of the crystal structures of the ABC Sav1866 drug pump (10) or P-gps from mouse (9) or Caenorhabditis elegans (8) . In both conformations, there is an interface between the two halves. One half is composed of NBD1 and TM segments 1, 2, 3, 6, 10, and 11. The other half is composed of NBD2 and TM segments 4, 5, 7, 8, 9 , and 12.
Two ATP molecules bind at the interface between the NBDs, and ATP hydrolysis occurs by an alternating site mechanism (11) (12) (13) (14) (15) . Drug substrates appear to bind by an induced fit mechanism (16, 17) within a cavity located at the interface between the TMDs (17) (18) (19) (20) (21) .
During the reaction cycle it is predicted that P-gp alternates between inward-facing (open, NBDs far apart, and drug-binding cavity facing the cytoplasm) and outward-facing (closed, NBDs close together, and drug-binding cavity facing the outside of the cell) conformations (reviewed in Ref. 22) . The extracellular loops (ECLs) also show large changes in distance between the open and closed conformations. For example, ECL1 (connecting TM segments 1 and 2) and ECL4 (connecting TM segments 7 and 8) are at least 7 and 30 Å apart in the open and closed conformations, respectively (Fig. 1B) . We showed previously that disulfide cross-linking could trap P-gp in a closed conformation to activate its ATPase activity (23) (24) (25) .
P-gp has been crystallized only in the open conformation, in which the NBDs are widely separated (Ͼ30 Å apart) (8, 9) . It is controversial, however, whether P-gp could adopt such a wide open conformation within the cell because the high levels of ATP may promote the formation of the closed structure (26) .
Therefore, the open conformation may exist transiently. It has been suggested that the open conformation may only be observed with solubilized P-gp in the absence of ATP (25) (26) (27) and that the NBDs in the cell might remain in constant contact throughout the reaction cycle (28) .
In this study, we wanted to determine whether an open conformation could be detected in the cell. We constructed a mutant containing one cysteine in an extracellular loop of each half (ECL1 and ECL4) of P-gp that would only come close enough to directly cross-link when the molecule was in the open conformation. The mutant was used to test whether the cysteines would cross-link in intact cells and whether an extracellular disulfide bond affected P-gp drug efflux and ATPase activity.
EXPERIMENTAL PROCEDURES

Construction and Expression of Mutants-
The seven endogenous cysteines at positions 137, 431, 717, 956, 1074, 1125, and 1227 were replaced with alanines to create a Cys-less P-gp. The mutant also contained an A52 epitope tag that helped distinguish it from endogenous P-gp expression (11) . Mutations A80C, R741C, or A80C plus R741C were introduced into A52-tagged Cys-less P-gp or A52-or 10-histidine-tagged wild-type P-gps as described previously (25) . The 10-histidine tag was added to the COOH-terminal end of P-gp to facilitate purification by nickel chelate chromatography (29) .
The cDNAs were transiently expressed in HEK 293 cells by a calcium phosphate precipitation approach as described previously (30) . Briefly, 20 l of 2.5 M CaCl 2 was added to 180 l of H 2 O containing 4 g of DNA, followed by addition of 200 l of BES solution (50 mM N,N-bis(2-hydroyethyl)-2-aminoethanesulfonic acid, 280 mM NaCl, and 1.5 mM Na 2 HPO 4 (pH 6.96)). After 10 min at room temperature, 4 ml of HEK 293 cells (about 100,000 cells/ml) in DMEM with high glucose (supplemented with nonessential amino acids, 4 mM L-glutamine, 10 IU/ml penicillin, 10 g/ml streptomycin, and 10% (v/v) bovine calf serum) was added, and 1.5 ml of the mixture was added to duplicate wells of 6-well culture plates. After 5 h at 37°C, the medium was replaced with fresh medium with or without 5 M cyclosporine A. Approximately 16 h later, the cells were harvested and washed with PBS, and then the cell pellets were suspended in 200 l of 2ϫ SDS sample buffer (125 mM TrisHCl (pH 6.8), 4% (w/v) SDS, and 50 mM EDTA) containing no thiol-reducing agent. Samples (equivalent to about 7000 cells) were subjected to electrophoresis on 7% SDS-PAGE gels (minigels, 1.5-mm spacers, 15 wells). The gels were electroblotted onto a sheet of nitrocellulose, and P-gp was detected using A52 monoclonal antibody, horseradish peroxidase-conjugated antimouse secondary antibody, and enhanced chemiluminescence. An equivalent amount of the sample was loaded onto 10% (v/v) SDS-PAGE gels and subjected to immunoblot analysis with a monoclonal antibody against GAPDH (Santa Cruz Biotechnology, Dallas, TX) (internal control).
Purification of P-gp and Measurement of ATPase ActivityHistidine-tagged P-gps were expressed in HEK 293 cells and then isolated by nickel chelate chromatography as described previously (29) . Recovery of P-gp was monitored by immunoblot analysis with rabbit anti-P-gp polyclonal antibody (31) . A sample of the isolated histidine-tagged P-gp was mixed with an equal volume of 10 mg/ml sheep brain phosphatidylethanolamine (Type II-S, Sigma) that had been washed and suspended in TBS (pH 7.4). Samples of the P-gp/lipid mixtures were assayed for ATPase activity by addition of an equal volume of 2ϫ ATPase buffer (100 mM Tris-HCl (pH 7.5), 100 mM NaCl, 20 mM MgCl 2 , and 10 mM ATP) containing 1.2 mM verapamil. The samples were incubated for 30 min at 37°C, and the amount of inorganic phosphate released was determined by the method of Chifflet et al. (32) .
Drug Resistance Assays-Baby hamster kidney (BHK) cells expressing A52-tagged wild-type P-gp or mutant A80C/R741C were generated as described previously (33) . Briefly, BHK cells were cotransfected with A52-tagged P-gp cDNA and pWL-neo (Stratagene, Cedar Creek, TX) at a ratio of 10:1 using the calcium phosphate method described above. After 5 h, the medium was replaced with fresh medium containing 1 mg/ml G418 (BioShop, Burlington, Ontario, Canada). G418-resistant colonies were isolated after 9 days and expanded. Clones expressing P-gp were identified by immunoblot analysis of whole cell SDS extracts using the monoclonal antibody A52.
Control BHK cells or BHK cells expressing A52-tagged P-gp were then incubated in the presence of various concentrations of colchicine (0 -50 M) or vinblastine (0 -200 nM) for 6 days at 37°C in the absence or presence of 1.1 mM DTT. The medium containing DTT was replaced daily with fresh medium containing the substrate and 1.1 mM DTT. Cell death was then determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (34) .
Cross-linking of Mutant A80C/R741C in the Presence or Absence of ATP-HEK 293 cells were transiently transfected with the A52-tagged mutant A80C/R741C (in a Cys-less background) and then grown for 48 h at 30°C to promote maturation of P-gp. The cells were then harvested and washed with PBS (pH 7.4) containing 5 mM DTT to reduce the spontaneously formed disulfide bond. Membranes were prepared as described previously (23) and suspended in TBS (pH 7.4) with or without 5 mM ATP plus 10 mM MgCl 2 in an ice bath (0°C). The samples were then treated for 5 min at 0°C with or without 1 mM copper phenanthroline. The reactions were stopped by addition of 2ϫ SDS sample buffer containing 50 mM EDTA and no thiol-reducing agent. The samples were then subjected to immunoblot analysis.
To test the effect of vanadate trapping of nucleotides on cross-linking, the membranes (prepared as above) were incubated for 5 min at 20°C with 5 mM ATP, 10 mM MgCl 2 in the absence or presence of 0.2 mM sodium orthovanadate. The samples were chilled for 5 min in an ice-bath and then treated with 1 mM copper phenanthroline for 5 min (on ice). The reactions were stopped as above, and the samples were subjected to immunoblot analysis.
RESULTS
Cysteines Introduced into ECL 1 (A80C) and ECL 4 (R741C) of
Cys-less P-gp Cross-link Spontaneously-The major goal of the study was to use disulfide cross-linking to test whether we could detect the open conformation of P-gp in intact cells and whether locking P-gp in an open conformation would have an effect on its activity. Because high levels of glutathione would reduce any intracellular P-gp disulfide bonds, the best location to achieve cross-linking of P-gp cysteines in intact cells would be in the six extracellular loops that link the 12 TM segments (Fig. 1A) . It would also be advantageous if the cysteines were able to come close enough (␣ carbons within 6 -7 Å) (35) during the reaction cycle to spontaneously form a disulfide bond. This would avoid the complications of having to utilize thiol-reactive cross-linkers.
Models of human P-gp in the open and closed conformations on the basis of the crystal structures of mouse P-gp (9) or Sav1866 (7) are shown in Fig. 1 , B and C, respectively. Ala-80 in ECL1 and Arg-741 in ECL4 (6.9 Å, all distances represent predicted ␣-␣ carbon distances) are extracellular amino acids pre- To test whether cysteines introduced at positions 80 and 741 would cross-link, mutants A80C, R741C, and A80C/R741C were constructed in a Cys-less P-gp background. We showed previously that alanine replacements of the seven endogenous cysteines yielded an active Cys-less P-gp (36) . Cross-linking can be readily detected because disulfide bonds between the halves will cause the protein to migrate more slowly on SDS-PAGE gels (23) .
The A52-tagged mutants were transiently expressed in HEK 293 cells in the absence or presence of cyclosporine A. Cyclosporine A acts as a pharmacological chaperone to promote maturation of Cys-less P-gp (37) . P-gp is glycosylated at three sites in ECL1 (Fig. 1A) to yield a 150-kDa core-glycosylated protein in the endoplasmic reticulum. The protein is subsequently modified in the Golgi to yield a 170-kDa mature protein that is delivered to the cell surface (38) . Whole cell SDS extracts of the transfected cells were then subjected to electrophoresis on a 7% SDS-PAGE gel, followed by immunoblot analysis. Mutants A80C, R741C, and A80C/R741C resembled the Cys-less parent because the 150-kDa immature protein was the major product when expressed in the absence of cyclosporine A ( Fig. 2A) . Cyclosporine A promoted maturation of the Cys-less, A80C, and R741C mutants to yield mature 170-kDa P-gp as the major product ( Fig. 2A) . By contrast, mutant A80C/R741C in the presence of cyclosporine A yielded a protein that migrated with slower mobility than the mature 170-kDa P-gp ( Fig. 2A) . Furthermore, there was very little (Ͻ5%) of the mature 170-kDa protein present. This result suggested that the protein was cross-linked spontaneously. The presence of a disulfide bond was supported by the observation that treatment of mutant A80C/R741C grown in cyclosporine A with 10 mM DTT converted the slow migrating P-gp protein into the 170-kDa protein (Fig. 2B) . The results suggest that mature 170-kDa A80C/ R741C protein efficiently cross-links when expressed in the presence of cyclosporine A.
Cysteines A80C (ECL1) and R741C (ECL4) Can Cross-link Spontaneously in the Absence of Drug
Substrates-Because maturation of mutant A80C/R741C in the Cys-less background required the presence of cyclosporine A, we wanted to determine whether this mutant, when introduced into a wild-type background, would cross-link spontaneously in the absence of cyclosporine A. Maturation of wild-type P-gp is more efficient than the Cys-less P-gp (see below). Accordingly, mutations A80C, R741C, and A80C/R741C were introduced into A52-tagged wild-type P-gp. The mutants were then transiently expressed in HEK 293 cells. Immunoblot analysis of whole cell SDS extracts showed that wild-type P-gp matures efficiently to yield the 170-kDa mature protein as the major product in the absence of drug substrate (Fig. 3) . The expression of mutants A80C and R741C also resembled wild-type P-gp in that the major product was the 170-kDa protein. The major product in mutant A80C/R741C, however, was a protein that migrated with slower mobility than the mature 170-kDa slower-migrating protein (Fig. 3) . Treatment of the slowly migrating A80C/ R741C protein with 10 mM DTT yielded the 170-kDa protein (Fig. 3) . This result suggested that the slow-migrating protein contained a disulfide bond.
It is possible that mutant A80C/R741C showed efficient cross-linking because it was transiently expressed in HEK 293 cells. We then tested whether mutant A80C/R741C was also efficiently cross-linked if it was stably expressed in BHK cells. Accordingly, BHK cells were cotransfected with A52-tagged wild-type P-gp or mutant A80C/R741C (in a wild-type background) cDNAs and a plasmid containing a neomycin marker (pWL-neo). G418-resistanct colonies were selected, and stable cell lines expressing wild-type or mutant P-gp were identified by immunoblot analysis. We did not directly select for P-gp expression by using cytotoxic P-gp substrates. This was to avoid selection pressure that could favor cells expressing P-gp mutants with altered drug resistance profiles.
Immunoblot analysis of SDS extracts of BHK cells expressing P-gp showed that the major product in wild-type P-gp was the 170-kDa protein (Fig. 4, left panel) . By contrast, the major products in mutant A80C/R741C were the slowly migrating crosslinked and the 150-kDa proteins. It appeared that the mature 170-kDa A80C/R741C protein was cross-linked efficiently because little (Ͻ5% of total P-gp) of the mature 170-kDa protein was present (Fig. 4, right panel) .
We then determined whether the cross-linked P-gp was a result of cross-linking of the mature 170-kDa or the immature 140-kDa P-gp by using endoglycosidases. Whole cell SDS extracts from cells expressing wild-type P-gp or mutant A80C/ R741C were treated with endoglycosidases that cleaved only core sugars (endoglycosidase H) or all carbohydrate (PNGase F). Fig. 4 (left panel) shows that the mature 170-kDa wild-type protein was sensitive only to PNGase F and yielded a 140-kDa unglycosylated protein. By contrast, the 150-kDa A80C/R741C immature protein, but not the cross-linked product, was sensitive to endoglycosidase H. The cross-linked A80C/R741C protein was sensitive only to PNGase F (Fig. 4, right panel) . These results suggested that the slow-migrating product was the result of spontaneous cross-linking of only the mature 170-kDa protein. The results also show that cross-linked deglycosylated protein did not migrate very differently from the 140-kDa protein in 7% SDS-PAGE gels.
Cysteines A80C (ECL1) and R741C (ECL4) Can Cross-link Spontaneously After Synthesis and Maturation of P-gp-Disulfide bonds are formed in the endoplasmic reticulum of eukaryotic cells (reviewed in Ref. 39) . It is possible that A80C/R741C may form a disulfide bond during synthesis in the endoplasmic reticulum but that the cross-linked protein did not run with altered mobility in SDS-PAGE gels so that it was not detected. A way to overcome this problem was to test whether the disulfide bond in mutant A80C/R741C could reform if synthesis of new P-gp was blocked and cross-linked P-gp at the cell surface was reduced. Accordingly, BHK cells expressing A52-tagged A80C/ R741C P-gp were pretreated for 1 h with cycloheximide to inhibit protein synthesis (40) . The cells were then treated briefly (1 min) with 5 mM DTT to reduce the A80C/R741C disulfide bond at the cell surface. DTT was then removed, and the cells were incubated for various times in fresh medium containing cycloheximide but no DTT. Whole cell SDS extracts were then subjected to immunoblot analysis. It was found that treatment of the cells with 5 mM DTT for 1 min was sufficient to reduce the disulfide bond to yield the 170-kDa protein as the major product (Fig. 5, ϩDTT, 0 min) . In the absence of DTT, there was a time-dependent increase in cross-linked protein. About 50% of mutant A80C/R741C was cross-linked by 18 min and, at 54 min, the amount of cross-linked P-gp resembled that of the untreated control (Fig. 5) . These results indicated that the disulfide bond could be formed after synthesis in the endoplasmic reticulum.
The A80C/R741C Disulfide Bond Reduces P-gp Drug-stimulated ATPase Activity-To test whether the A80C/R741C mutant was active, histidine-tagged wild-type P-gp or mutant A80C/R741C were transiently expressed in HEK 293 cells. The mutants were isolated by nickel chelate chromatography, mixed with lipid, and assayed for verapamil-stimulated ATPase activity in the absence or presence of 10 mM DTT. Activation of P-gp ATPase activity in the presence of drug substrates is a good measure of P-gp-drug interactions because there is a good correlation with drug transport (41, 42) . Verapamil was selected because it is transported by P-gp (43) and because it highly stimulates P-gp ATPase activity (over 10-fold) (44) .
Cross-linking of A80C and R741C reduced activity severely. In the absence of DTT, the cross-linked mutant showed only about 15% of the verapamil-stimulated ATPase activity of wildtype P-gp (Fig. 6) . It was found however, that the verapamilstimulated ATPase activity of mutant A80C/R741C was not significantly different from wild-type P-gp when assayed in the presence of DTT (Fig. 6) . These results indicate that trapping P-gp in an open conformation inhibits ATPase activity and that residues Ala-80 or Arg-741 were not essential for activity.
The A80C/R741C Disulfide Bond Inhibits Drug Efflux-We then tested whether mutant A80C/R741C could confer drug resistance. Conferral of drug resistance would indicate that the mutant P-gp is capable of transporting cytotoxic substrates out of the cell. The classic cytotoxic P-gp substrates are vinblastine and colchicine (45) . We first tested whether the A80C/R741C disulfide bond would affect the ability of P-gp to confer drug resistance on BHK cells. BHK control cells and cells expressing equivalent levels of wild-type or mutant A80C/R741C P-gp were incubated with various concentrations of vinblastine or colchicine to determine the concentration needed to inhibit cell growth. Growth of control BHK cells was inhibited by 50% (LD 50 ) at 0.67 ϩ 0.11 nM vinblastine and 0.53 ϩ 0.11 M colchicine, respectively. For cells expressing wild-type P-gp, the concentration of vinblastine and colchicine required to inhibit growth of cells (LD 50 ) was 58.3 and 14.4 nM (86-and 21-fold increase in resistance) and 34.0 and 7.0 M (34-and 7.0-fold increase in resistance), respectively (Fig. 7) . By contrast, for cells expressing mutant A80C/R741C, the LD 50s occurred at 2.3 and 0.6 nM (3-fold-increase in resistance) and 1.8 and 0.2 M (about 3-fold increase in resistance) for vinblastine and colchicine, respectively. These values were very similar to those of control BHK cells (Fig. 7) . These results suggest that the presence of the A80C/R741C disulfide bond inhibited drug efflux.
Reduction of the A80C/R741C Disulfide Bond Promotes Drug Efflux-Would reduction of the A80C/R741C disulfide bond increase the ability of P-gp to confer drug resistance? Mammalian cells are very sensitive to thiol-reducing compounds because they contain important extracellular proteins at the cell surface that require critical extracellular disulfide bonds (46) . In preliminary studies we found that growth of BHK cells was inhibited severely when the ␤-mercaptoethanol concentration in the medium was higher than 0.3 mM (data not shown). We also found that significant reduction of the A80C/R741C bond required 100-fold (30 mM) higher levels of ␤-mercaptoethanol. 3 An alternative approach to reduce the A80C/R741C disulfide bond was be to use DTT. An advantage of DTT is that it is less toxic than ␤-mercaptoethanol. Accordingly, BHK cells expressing A52-tagged mutant A80C/R741C were incubated with medium containing various concentrations of DTT. After 18 h, the medium was removed, and the cells were washed with phosphate-buffered saline (pH 7.4). Whole cell SDS extracts were then subjected to immunoblot analysis. Fig. 8A shows that the cross-linked P-gp was almost completely reduced at 1.1 mM DTT so that the major product was the mature 170-kDa protein. At DTT concentrations greater than 1.1 mM, there was significant inhibition of cell growth, and this was reflected in the GAPDH blot. The level of GAPDH decreased when the cells were treated with 3.3 or 10 mM DTT (Fig. 8A) .
We then tested whether mutant A80C/R741C was able to confer resistance to vinblastine when incubated in the presence of DTT. Accordingly, control BHK cells and BHK cells expressing equivalent levels of wild-type or mutant A80C/R741C P-gp were incubated in the presence of various concentrations of vinblastine and 1.1 mM DTT. Because this assay required about 6 days, it was necessary to change the medium daily because the half-life of DTT is only several hours (47) and because the reduced A80C/R741C mutant could readily reform the crosslink (Fig. 5) . It was found that wild-type P-gp conferred a similar level of resistance to vinblastine in the presence of DTT (about 60-fold) (Fig. 8B) , whereas mutant A80C/R741C showed an approximately 25-fold increase in the ability to confer resistance (10-fold increase compared with the absence of DTT). The results indicate that mutant A80C/R741C can confer relatively high levels of drug resistance when the disulfide bond is reduced.
Cysteines A80C/R741C Cross-link rapidly in the Absence or Presence of ATP-Spontaneous cross-linking of mutant A80C/ R741C after treatment of the cells with 5 mM DTT was relatively slow because about 50% cross-linking occurred after 18 min at 37°C (Fig. 5) . During this period, P-gp would be expected to have cycled over 100 times in the absence of drug substrate (41) . This suggests that ATP hydrolysis might be required for efficient cross-linking or that spontaneous cross-linking was inefficient and occurred only during a rare conformational change not associated with function.
We first tested whether ATP hydrolysis was required for spontaneous cross-linking of A80C/R741C. Accordingly, the catalytic carboxylates (Glu-556 in NBD1 and Glu-1201 in NBD2) were mutated to glutamine. These catalytic carboxylates have been shown previously to be essential for ATP hydrolysis because mutating both Glu-556 and Glu-1201 to glutamine completely abolished ATPase activity (48, 49). HEK 293 cells were then transfected with A52-tagged wild-type P-gp, mutant A80C/R741C (in a wild-type background), or A80C/R741C/E556Q/E1201Q (in a wild-type background). The cells were then suspended in SDS sample buffer with or without DTT, and the samples were subjected to immunoblot analysis. It was observed that the presence of E556Q/E1201Q mutations did not inhibit cross-linking (Fig. 9A) . Both the A80C/R741C and A80C/R741C/E556Q/E1201Q mutants yielded cross-linked P-gp as the major product. The crosslinked product could be reduced by the presence of DTT so that the mature 170-kDa protein was the major product (Fig. 9A) . These results indicate that ATP hydrolysis was not essential for cross-linking mutant A80C/R741C.
We then determined whether spontaneous cross-linking of A80C/R741C and A80C/R741C/E556Q/E1201Q mutants was inefficient by testing the effect of an oxidant (copper phenanthroline) to catalyze formation of the disulfide bond at a reduced temperature. HEK 293 cells were transfected with the A52-tagged mutants A80C/R741C and A80C/R741C/E556Q/ E1201Q (in a wild-type background). The cells were treated with 10 mM DTT to reduce the disulfide bond. The cells were then washed with PBS (pH 7.4) and treated with or without 1 mM copper phenanthroline for 1 min at 20°C. The reaction was FIGURE 7 . Cross-linking of A80C/R741C inhibits P-gp-mediated drug resistance. BHK cells expressing no P-gp, A52-tagged wild-type P-gp (WT) or mutant A80C/R741C (in a wild-type background) were incubated in the presence of various concentrations of vinblastine or colchicine to determine the LD 50 concentration. The fold resistance represents the LD 50 of the P-gp-expressing cell lines relative to cells expressing no P-gp. The results (mean Ϯ S.D.) were obtained from three different cell lines expressing similar levels of wild-type or mutant P-gps. *, p Ͻ 0.05; Student's t test; compared with cells expressing wild-type P-gp. stopped by addition of SDS sample buffer containing 50 mM EDTA and no reducing agent. Samples were then subjected to immunoblot analysis. Fig. 9B shows that treatment of DTTtreated cells with oxidant almost completely cross-linked the mature 170-kDa protein in both mutants, A80C/R741C and A80C/R741C/E556Q/E1201Q, within 1 min. These results suggest that spontaneous cross-linking was inefficient and that conformational changes that bring extracellular loops 1 and 4 close together are not rare and do not require ATP hydrolysis. Next, we tested whether ATP binding was required for crosslinking of mutant A80C/R741C. This required the use of membranes prepared from cells expressing mutant A80C/R741C in the Cys-less background. A Cys-less background was used because the endogenous Walker A cysteines (Cys-431 and Cys-1074) can be cross-linked when membranes are treated with copper phenanthroline (50) . Accordingly, HEK 293 cells were transfected with the A52-tagged mutant A80C/R741C. The cells were incubated at 30°C for 48 h to promote maturation of the mutant. The cells were then treated with 10 mM DTT to reduce the disulfide bond, washed with PBS (pH 7.4), and membranes were prepared. Samples of the membrane were then incubated in the absence or presence of ATP and an oxidant (copper phenanthroline) in an ice bath (to inhibit ATP hydrolysis) for 5 min. The reactions were stopped by addition of 2ϫ SDS sample buffer containing 50 mM EDTA and no reducing agent. It was observed that about 50% of the mature 170-kDa protein was cross-linked in the absence or presence of ATP (Fig. 10A) . These results show that ATP was not required for cross-linking.
P-gp can be trapped in a transition state during ATP hydrolysis using vanadate (15) . Vanadate traps ADP at either NBD by mimicking the transition state of the ␥-phosphate of ATP during ATP hydrolysis. Therefore, we tested whether vanadate trapping of nucleotides could inhibit cross-linking of mutant A80C/R741C. Membranes were prepared from HEK 293 cells expressing A52-tagged A80C/R741C that were treated with DTT. The membranes were incubated for 5 min at 20°C in the presence of 5 mM ATP, 10 mM MgCl 2 , and 0.2 mM sodium orthovanadate; chilled in an ice-bath for 5 min; and then treated with 1 mM copper phenanthroline for 5 min. The reactions were stopped by addition of 2ϫ SDS sample buffer containing no thiol-reducing agent. Samples were then subjected to immunoblot analysis. Fig. 10B shows that vanadate trapping of nucleotides inhibits cross-linking of mutant A80C/R741C.
DISCUSSION
We found that linking the P-gp halves by direct cross-linking of extracellular cysteines A80C/R741C inhibited ATPase activity. By contrast, cross-linking of the intracellular cysteines resulted in stimulation of ATPase activity. Direct cross-linking of the cysteines L175C and N820C (23) or cross-linking of mutant P571C/I1050C with the short 1,4-butanediyl bismethanethiosulfonate cross-linker (7.8 Å) (24) highly activated P-gp ATPase activity over 10-fold in the absence of drug substrates. Cysteines L175C/N820C are located in the intracellular loops (Fig. 1, C and D) , whereas cysteines P517C/I1050C are located in the NBDs (Fig. 1, C and D) .
An explanation for the difference is that linkage of the homologous halves at the L175C/N820C or P517C/I1050C sites would tend to favor the closed conformation (Fig. 1C) to bring the NBDs close together. Two ATP molecules bind at the interface between the NBDs, and ATP hydrolysis occurs by an alternating site mechanism (11) (12) (13) (14) (15) . In the closed conformation, the NBDs may come together more frequently to align the ATP ␥-phosphate and hydrolytic water within the Walker B, LSGGQ, Q-loop, D-loop, and H-loop network for ATP hydrolysis (51) .
Direct linkage of A80C and R741C would favor the open conformation (Fig. 1B) . In the open conformation, ATPase activity would be reduced because the NBDs would come together less frequently. Our studies show that P-gp can adopt the open conformation in intact cells. It is likely that P-gp can exist in both open and closed conformations in cells because double electron-electron resonance spectroscopy studies (52) and molecular dynamics simulations (52, 53) of mouse P-gp show that the NBDs could adopt a wide range separation distances of at least 20 Å between the open and closed states. The wide range of conformations was observed in both the presence and absence of Mg-ATP and when P-gp was incorporated into lipid. In agreement with the mouse P-gp studies, we found that ATP did not cause any detectable changes in A80C/R741C cross-linking efficiency (Fig. 10) .
The closed conformation was also observed in EM projection images (27) . It has been reported that in the absence of nucleotide or substrate, a central chamber separated the two halves of lipid-bound P-gp. Addition of nucleotides and/or substrate closed the central cavity (54) . Mouse P-gp has also been found to undergo spontaneous cross-linking when cysteines were placed at the C-terminal ends of the NBDs (55). The crosslinked mutant exhibited low drug-stimulated ATPase activity that suggested that the C-terminal ends of the two NBDs did not undergo a significant conformational change during ATP hydrolysis.
A clinical goal has been to devise strategies to turn off P-gp during chemotherapy to improve treatment (56) . Inhibition of P-gp by targeting extracellular regions would be an attractive target because it would avoid the complications of requiring the inhibitor to diffuse into the cell that could possibly interfere with other metabolic pathways. Therefore, it may be possible to inhibit P-gp by trapping it at an intermediate step in the catalytic cycle using an extracellular target.
One approach to inhibit P-gp from outside of the cell has been to use inhibitory antibodies such as MRK16 (57) and UIC2 (58) . The mechanisms of P-gp inhibition by MRK16 and UIC2 show some differences (59) . It has been found that the UIC2 interaction with P-gp was influenced by the presence of drug substrates, whereas that of MRK16 was not. ATP hydrolysis has also been reported to influence UIC2 interactions with P-gp because ATP-depleting agents or mutational inactivation of both NBDs increased its reactivity. The characteristics of UIC2 interactions with P-gp suggested that it trapped P-gp in a transient conformation of the catalytic cycle (59) .
Another study, in which P-gp was incorporated into lipid nanodiscs, suggested that the mechanisms of MRK16 and UIC2 inhibition were similar and did not involve capture of a specific conformation (60) . It has been suggested that UIC2 or MRK16 did not trap P-gp in a specific conformation because they inhibited drug efflux but not ATPase activity. Drug substrates still activated P-gp ATPase activity in the presence of either antibody. Instead, the antibodies were predicted to uncouple ATPase activity from drug efflux.
Inhibition of P-gp by cross-linking of A80C/R741C was different from antibody inhibition because both ATPase activity and drug efflux were inhibited. Cross-linking likely traps P-gp in an open conformation of the catalytic cycle. Therefore, the extracellular domain of P-gp is an attractive target to develop inhibitors. It appears that P-gp activity can be blocked by multiple mechanisms involving extracellular loops.
